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ABSTRACT 
We report  results  from  a  Hubble  Space Telescope (HST)  and Near-Infrared  Cam- 

era  and  Multiobject  Spectrometer (NICMOS) program to  study  the  distribution of hot 
neutral  (molecular  hydrogen)  and ionized circumstellar  material  in the young planetary 
nebulae NGC 7027. HST/NICMOS provided very high spatial resolution  imaging  in  line 
and  continuum emission, and  the  stability  and  large  dynamic  range needed for investi- 
gating  detailed  structures in the  circumstellar  material. We present  dramatic new images 
of NGC 7027 that have led to a new understanding of the  structure in this  important 
planetary  nebula.  The  central  star is clearly  revealed,  providing  near-infrared fluxes that 
are used to directly  determine  the  stellar  temperature very accurately (T, = 198,000 K). 
It is found that  the photodissociation  layer  as  revealed by near-infrared  molecular hy- 
drogen  emission is very thin (AR N 6 x  10l6 cm),  and is biconical  in  shape. The  interface 
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region is structured  and  filamentary, suggesting the existence of hydrodynamic  instabil- 
ities. We discuss evidence for the presence of one  or  more highly  collimated, off-axis jets 
that might  be  present  in NGC 7027. The NICMOS data  are combined with earlier Hub- 
ble  Space Telescope data  to provide  a  complete picture of NGC 7027 using the highest 
spatial resolution data  to  date.  The evolutionary  future of NGC 7027  is discussed. 

Subject headings: planetary  nebulae:  general - planetary  nebulae:  individual (NGC 
7027) - ISM: molecules - ISM: structure - molecular processes 
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1. Introduction 

Planetary  nebulae have  long  been thought of as 
ionized remnants of circumstellar  material ejected by 
stars  on  the  asymptotic  giant  branch  (AGB).  That 
somewhat  limited view has  changed  dramatically,  as 
the  neutral  component of the  remnant  circumstellar 
envelope has been  shown to remain  observable  very 
late  into  the  lifetime of many  planetary  nebulae  (PNe; 
e.g.,  Dinerstein,  Sneden, & Uglum  1995;  Huggins  et 
al. 1996; Hora,  Latter, & Deutsch  1999;  and refer- 
ences therein).  It is now known that  many  PNe  are 
characterized by emission from  material  that is con- 
tained in rapidly evolving photodissocation regions 
(PDRs; Tielens & Hollenbach  1985; Sternberg & Dal- 
garno  1989;  Latter,  Walker, & Maloney  1993; Natta 
& Hollenbach  1998). As the  central  star  and  nebula 
evolve, UV emission  from the  star increases  rapidly. 
A  photodissociation  front  moves  through  the  gas  and 
slowly turns  the  mostly  molecular  nebula to predom- 
inantly  atomic.  At  this  point,  the  nebula  radiates 
mainly  in  the  infrared.  When  the  central  star be- 
comes hotter  than T, M 30,000  K,  the  circumstellar 
gas quickly  becomes  ionized and  the  planetary  nebula 
shines  brightly in visible light.  The  chemical prop- 
erties of gas in PNe  and  proto-PNe  (PPN)  are like 
those of interstellar  PDRs  (Latter  et  al.  1992;  Latter, 
Walker, & Maloney  1993;  Tielens  1993; Hora &z Lat- 
ter  1994), which are well modeled (see Hollenbach & 
Tielens  1997). The  time over  which  molecular mate- 
rial  can  be  present in PNe is typically  predicted to 
be  a  rather brief period in the  lifetime of PNe  (e.g., 
Tielens  1993; Natta & Hollenbach 1998).  But, such 
timescales  predicted  from  current  chemical  models  are 
limited by observational data  and lack of a clear un- 
derstanding of the  morphology  and  density  structure 
of these  objects. 

NGC  7027 is perhaps  the  best  studied  planetary 
nebula, in part  because of its  proximity  (about 900 
PC; e.g. Masson  1989) and high  surface  brightness 
at  all  wavelengths. It  has  a very rich atomic  and 
molecular  spectrum,  making  it  ripe for study  at all 
wavelengths,  and it is rich in physical and chemical 
information  (see,  e.g.,  Graham  et  al.  1993a; Cox  et al. 
1997,  and references therein). Because of its  compact 
size as viewed from  Earth ( M  15”), the  morphology, 
particularly  that for the  HZ  emission, of this  object 
has been  suggested,  but  has  not been clearly revealed 
(see,  e.g., Graham  et  al.  1993a;  Graham  et  al.  1993b; 
Kastner  et  al.  1994;  Latter  et  al.  1995).  The  elliptical 

ionized  core lies at  the center of an  extended molec- 
ular  envelope  (Bieging,  Wilner, & Thronson  1991). 
At  the  interface between the cold  molecular  envelope 
and  the  hot ionized  region is an  apparent  “quadrupo- 
lar” region of strong near-infrared (IR)  rotational- 
vibrational  molecular  hydrogen  emission  (Graham  et 
al.  1993a)  that  has been  shown to  be  excited by ab- 
sorption of UV photons in the  photodissociation re- 
gion (Hora,  Latter, & Deutsch  1999). 

A  detailed  understanding of the  morphology of 
planetary  nebulae is important.  It  has been  demon- 
strated  that  there is a strong  correlation between the 
presence of molecular  emission  from  PNe  and  the  ob- 
served  morphology of the  PNe, such that  objects  that 
contain  large  amounts of molecular  material  are  bipo- 
lar  or  butterfly  nebulae  (Hora,  Latter, & Deutsch 
1999; Kastner  et  al. 1996;  Huggins  et  al.  1996;  Hug- 
gins & Healy  1989;  Zuckerman & Gatley  1988).  Pro- 
genitor  mass  also  correlates  with  morphological  type, 
such that higher  mass  stars  appear  to  produce bipo- 
lar or butterfly  nebulae (see Corradi & Schwarz 1994). 
This  correlation  suggests  that  the higher mass  AGB 
progenitors, which probably have the  highest  mass 
loss rates,  produce  dense,  long lived molecular  en- 
velopes (Hora,  Latter, & Deutsch  1999). 

The evolution of PDR  and  PNe,  and  the corre- 
lation between  morphology  with  molecular  content 
are  not fully understood. Because NGC 7027 is in 
a rapid  and key moment in evolution  (the  transition 
from  neutral,  predominantly  molecular envelope to 
an ionized one),  it is worthy of serious  study  into  its 
chemical  and physical  properties  and  its  detailed  mor- 
phology. The Hubble  Space  Telescope  and  NICMOS 
provided  the high spatial  resolution,  dynamic  range, 
and  stable  background needed to  examine  the  near- 
IR  nature of NGC 7027. In this  paper, we present 
narrowband  images in the w = 1 + 0 S(1) ( X  = 2.121 
pm) line of molecular  hydrogen  and  other  filters that 
trace  the ionized  core and  the  nearby  neutral  region. 
These  images show with  unprecedented  clarity  the 
true  structure of NGC 7027.  In  Sections 2 and  3, 
we discuss the  data,  the  apparent morphology,  and 
the presence of a  jet (or jets) in the  object.  In 54 we 
present a  3-dimensional  model for the overall struc- 
ture,  including  the  photodissociation  region.  Section 
5  presents  a  discussion of the  excitation of the neb- 
ula  and  the  central  star  properties. We then consider 
our results  in  light of previous  work, and discuss the 
evolution of the  PDR in NGC  7027. 
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2. Observations and Data  Reduction were acquired  from the STScI  HST data archive. 

We have  imaged  NGC 7027 with  the  Hubble Space 
Telescope (HST)  and  the Near-Infrared Camera Mul- 
tiobject  Spectrometer  (NICMOS) at  7  near-infrared 
wavelengths between 1.1 pm  and 2.15 pm (Figs. 1 
and  2).  The 1.10 pm  broadband (F11OW) observa- 
tions were made  with  Camera 1 (pixel  scale = 0.043” 
pixel-’, field of view or FOV = 11”x 11”). All of the 
other  observations were made  with  Camera  2 (pixel 
scale = 0.075” pixel-’, FOV = 19.2”x19.2”).  The 
observations were made in  one of the multiaccum de- 
tector  readout  modes  (usually  multiaccum 256; see 
the NICMOS Instrument  Handbook)  to  obtain a very 
high dynamic  range.  A variety of dither  patterns were 
utilized to  sample  the  array  uniformly; in the case 
of the  FllOW observations  dithering/mosaicing was 
required to  obtain a complete  image of the source. 
Chop  (or blank sky)  frames for  background  subtrac- 
tion were also obtained for  all  filters  except FllOW 
and Fl6OW  (1.60 pm  broadband). From  ground- 
based  observations it was known that  the full extent 
of the Hz emission in  NGC 7027 is slightly  larger 
than  the NICMOS Camera  2 field of view. A specific 
orientation of the Observatory was used to  put  the 
largest known extent of the emission  along  a  diagonal 
of the  array.  Dither  patterns were used that would en- 
sure  complete coverage of the emission. The  method 
worked very well, and no  emission was missed, al- 
though  it does appear  that very low level scattered 
light  does  extend off the  array in  some of the  bands 
observed.  A summary of the observations  is  presented 
in  Table 1, and  the  data  are presented  in  Figs. 1 and 
2. 

The  data were originally  reduced and  calibrated 
by the  standard Space Telescope Science Institute 
(STScI)  NICMOS  pipeline,  but we subsequently re- 
reduced  all of the  data using better  characterized cal- 
ibration files (flat-fields, dark  frames,  and  bad pixel 
masks)  as well as a revised version of the STSDAS 
calibration  task  calnicA.  After  reduction of individ- 
ual  frames,  the  multiple  images at  each wavelength 
were mosaiced together  using the STSDAS  calnicB 
task in IRAF3.  The reduced  images were flux cali- 
brated using  NICMOS photometric  calibration  tables 
provided by  M. Rieke (private  communication).  The 
HST  Wide  Field/Planetary  Camera  (WFPC2)  data 

3The Image  Reduction  and  Analysis Facility is  written  and 
supported by the National  Optical  Astronomy Observatories 
(NOAO) in Tucson, AZ 

Isolating the Hz emission - An examination of 
the  near-IR  spectrum of NGC 7027 (Hora,  Latter, & 
Deutsch 1999),  and  the F212N and F215N  filter trans- 
mission  curves shows that  both filters suffer from  line 
contamination.  In  addition  to  the Hz v = 1 + 0 
S(1) line at 2.121 pm,  the F212N filter  also transmits 
the 2.113 pm He I  line at - 83% of peak  transmis- 
sion. The F215N filter, used for sampling  continuum 
emission  adjacent to  the Hz line,  includes  within the 
filter bandpass  the  Bry line at 2.167 pm at M 2 - 4% 
transmission. We made use of all  available data, theo- 
retical  modeling,  and  empirical  fitting to  provide the 
cleanest  possible subtraction of the  continuum  and 
contaminating lines in  the Hz image.  A  simple sub- 
traction of the flux calibrated  continuum  image  from 
the line image  not only  isolates the Hz emission but 
also  shows a dark  (negative)  inner  ring-shaped region 
that resembles the ionized nebula;  this  inner region is 
an  artifact of over-subtraction of the He I line con- 
tribution  from  the Hz filter data. Typically, a bright 
ring of He  I emission is seen in  ground-based  narrow- 
band Hz images of NGC 7027 (see, e.g.,  Graham  et  al. 
1993a;  Latter  et  al. 1995; Kastner  et  al. 1994;  Kastner 
et  al.  1996), because the  continuum filters  most  often 
used do  not include  Bry  emission  in the  bandpass. 

Since uncertainties  associated  with  filter  trans- 
mission  are  largest  along the edges of the  band- 
pass  (where  transmission  changes  rapidly  with wave- 
length), we first made  an  estimate of the  Bry  trans- 
mission. Using the F190N image  as  “true”  continuum 
for the F215N image, we compared the observed Bry 
flux with  that  obtained by Hora,  Latter, & Deutsch 
1999 using  ground-based  spectroscopy. We measured 
our fluxes at  both of the  spatial  locations  at which 
their  slits were placed  (labelled  N and  NW in their 
paper)  and  found  that we detect  approximately 7 - 
8% of their  Bry fluxes at  each point. Since the  Bry 
to  He I  ratio is - 15 (Hora,  Latter, & Deutsch  1999) 
and  assuming  that  the He I  line  is transmitted  at 
83% of peak,  this implies that we need to  scale the 
F215N image by - 0.8 to  cancel out  the He I emission 
in the (F212N - F215N) difference image.  This pro- 
cess of eliminating line contamination  assumes  that 
the  the He I to Bry  ratio is  fairly  constant over the 
nebula.  Photoionization  modeling  using  CLOUDY 
(Ferland  1997)  shows that S H ~ I / S B ~  ratio does not 
change by more  than 20% over the region 1 . 5 ~ 1 0 ’ ~  
cm to  the outer  edge, 3 ~ 1 0 ’ ~  cm (M 10”- 20”).  Thus, 

4 



we can scale the  Bry emission (i.e.,  the F215N image) 
to cancel  out  the He I emission in F212N - F215N 
difference image to a very  high  degree.  Given the un- 
certainties involved in this  procedure, we used scale 
factors  in  the  range 0.7 - 1 to  determine  the  best H2 
difference image  empirically. We found  that  a value 
of 0.9, when  applied to  the F215N image, provided 
the  cleanest  subtraction of the  continuum  and He I 
from  the F212N image.  This  scaling  factor is consis- 
tent  with - 6% Bry  transmission in the F215N  filter. 
This  procedure  has  resulted in the  nearly  pure molec- 
ular  hydrogen  emission  image of NGC 7027  shown in 
Figure  3. 

The  continuum  subtracted Hz image  has  an  inte- 
grated  line  brightness of 3 . 8 ~  10-l’  erg s-’ cm-2  and 
an  average  surface  brightness of 8 x erg s-l cm-2 
ster-’ . Using a similar process of aligning  images be- 
fore  subtraction we find an  integrated P a  line flux 
(the F187N line filter  and F190N continuum  filter; 
see Fig. 1) of M 5 . 5 ~ 1 0 - l o  erg s-l cm-2(Fig. 1). 

3. General Results 

3.1. Observed Nebular  Properties 

Most of the  images  (narrow-  and  broad-band)  are 
remarkably  similar (see Figs. 1 and 2).  The emission 
is dominated by a  bright,  patchy  elliptical  ring  (ma- 
jor  axis  along PA = 150’) which is the ionized nebula; 
the overall shape  and  extent of this  nebula is similar 
to  that previously  observed in visible light,  near-IR, 
and  radio  continuum  images  (e.g.,  Roelfsema  et  al. 
1991;  Woodward et al.  1992; Graham et  al.  1993a). 
Compared  to  the visible light  images of HST/WFPC2 
that show a “filled-in” ellipsoid,  the  near-IR  morphol- 
ogy  (where  optical  depths  are  lower)  clearly  shows 
an ellipsoidal  shell. The high  spatial  resolution of 
these new HST/NICMOS  images clearly resolves the 
ellipsoidal shell into  apparent  clumps (or “clump-like” 
variations in brightness), regions of varying  surface 
brightness,  and  dark  dust  lanes.  The  brightest re- 
gion appears  to be a  clump  located  about 4” NW 
of the  center of the  nebula  (marked by the  location 
of the visible central  star).  The  central  star  stands 
out  clearly in the  continuum  images.  The  similarity 
between the Pa and  continuum  images suggest that 
the  broad-band  filters  trace free-free or free-bound 
emission  from hot  gas,  rather  than  dust-scattered 
starlight, which is apparent as extended emission in 
the  WFPC2  data.  The F212N  filter  clearly  shows  a 
second,  spatially  distinct  component  that is not seen 

in the  other  filters: wisps of ro-vibrationally  excited 
HZ emission that  appears  to  surround  the ionized  neb- 
ula.  Furthermore,  there is also  clear  evidence of a 
disruption of the  gas  along  a  NW-SE  (PA - 130” 
measured  E of N)  axis;  this  might  be  caused by  wind 
interactions  with  an off-axis bipolar  jet (see $3.2). 

The  continuum-subtracted Hz image  (Fig.  3) 
clearly  shows  two  bright  intersecting  rings,  which we 
interpret as brightened  rims of an  inclined  biconical 
structure  ($4.1).  This  structure encloses the roughly 
elliptical  ionized region. The  structures seen in molec- 
ular  hydrogen  emission  and in tracers of the ionized 
core appear different and  spatially  distinct. 

3.2. A Possible  Collimated, Off-axis Jet 

The Hz emission (Figs. 1 - 3)  shows  bubble-like ex- 
tensions at  the  outer edge of the  bulk emission  region. 
This  apparent  disturbance  falls  along  an  axis X 20”- 
40’ (PA = 130’ NW to SE) to  the west of the  polar 
axis,  extending  through  the  central  star to  the oppo- 
site  side of the  nebula  (PA = 130’ NW to SE).  There 
are  hints of these  structures in ground-based  near-IR 
data  (Graham et  al.  1993a;  Kastner  et  al.  1994;  Latter 
et  al. 1995) as well as in radio  continuum  images of the 
ionized  region  (Roelfsema et  al.  1991). Because of the 
clarity of these new data, we can now suggest a  cause 
for this  structure.  The wisps of  Hz emission  revealed 
clearly in these  HST  data  indicate  that  this region has 
been disturbed by something  other  than  dust-photon 
interactions  or a uniform,  radially  directed, outflow- 
ing  wind. We suggest that  there is present in NGC 
7027 a highly  collimated, “off-axis” jet.  The  distur- 
bance is not only  seen in  the  molecular  region,  but 
is clearly  evident in the ionized  core  along precisely 
the  same  position  angle.  The  structure  extends  into 
the region of scattered emission  seen in  the  WFPC2 
images  as well (see also  Roelfsema  et  al.  1991). The 
sharpness of the  extended  WFPC2 emission  argues 
against  something like turbulent  instabilities.  There 
is no  kinematical evidence for the  jet, nor is there  any 
extended  collimated emission in the  HST  images;  this 
leads us to believe that  the  jet  may have disrupted 
the  nebula in the  past  and  has now died  down.  At 
a  much lower level, there  appears  to  be  similar evi- 
dence for another  jet, or the  same  jet precessing, at  
a polar  angle of M 10’ to  the  east of the  north pole. 
Along an  axis in this  direction  there is an  additional 
region of “disturbed’’ Hz emission most  clearly  seen 
on the  southern  side of the  nebula.  The ionized  core 
has  apparent  breaks or disruptions  along  this  axis  on 
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the  northern  side,  and  extensions  can  be seen in the 
WFPC2  data  as well (Figs.  2  and 3).  The locations 
of these  features  are  indicated by lines 1 and  2 in  Fig. 
3. 

We speculate that  the  disturbed morphology of 
NGC 7027 might  be a result of one or more  BRETs 
(bipolar  rotating episodic jets; e.g., Lopez et  al.  1998). 
Evidence for precessing,  collimated jets  that  are  on, 
or away from the  primary  PN  axis  are also seen in 
a number of other  PNe.  The  most  striking  example 
might be  NGC 6543 (the  “Cat’s Eye Nebula;”  Lame, 
Harrington & Borkowski 1997).  NGC 7027 appears 
to be  in  a very early  stage of forming a jet, or perhaps 
the  jet is  a  transient  phenomenon. The fact that we 
do not see the  jet itself suggests that either we have 
not  found  the  right  diagnostic line or wavelength to 
probe  the  jet  kinematically, or the  jet  has now shut 
Off. 

4. A 3-dimensional  Spatial  and  Kinematical 
Model 

We have modeled the  spatial  and  kinematical  struc- 
ture of NGC 7027 using  a  geometrical  modeling  code 
described by Dayal et  al.  (1999).  The code uses carte- 
sian  coordinates (for adaptability  to different geome- 
tries),  and  the  nebula is  divided  into lo7 0’.’075-sized 
cells. In these  models the nebula  is  assumed to have 
azimuthal  symmetry  with  the  star  at  the  center. Once 
the  shape  and  dimensions of a source have been set, 
the density,  temperature, or velocity fields can  be 
specified independently  as  functions of the  radial dis- 
tance  from  the center and/or  latitude.  The  tilt angle 
of the  nebula  (w.r.t.  the  plane of the  sky)  can  be var- 
ied independently for each model.  Assuming that  the 
emission is optically thin,  the code  numerically  inte- 
grates  the emission per cell along each line of sight, 
to  produce  surface  brightness and position-velocity 
(P-V) maps.  The source function, which determines 
the emission in each cell,  can  be specified as a func- 
tion of the local temperature  and/or density  depend- 
ing  on the emission  mechanism that is being  modeled 
(recombination  line  emission,  dust  thermal  emission, 
dust  scattering  etc.). 

The physical parameters for the nebular  model  are 
well constrained by the high spatial resolution af- 
forded by HST  and  NICMOS. Ground-based kine- 
matical  data  that have been obtained with  CSHELL 
at  the  IRTF provide radial velocity information, which 
imposes even stronger  constraints on the nebula’s 3-D 

structure;  these  data also  provide  valuable  informa- 
tion  on the dynamics  and  evolutionary timescales of 
the  nebula. A full  presentation of these data will be 
made elsewhere (Kelly et  al. 1999) Note  that chang- 
ing the model  geometry  changes the  shape of the im- 
age and  the  P-V  diagram;  changing  the  density law 
changes the relative  location and  contrast of bright 
and  dark regions in the  image  and  the P-V diagram, 
but  not  the  shape/size of the  image; finally  changing 
the velocity law does not affect the  image  but changes 
the  shape of the P-V  diagram.  Therefore,  model  im- 
ages  together  and  P-V  diagrams,  impose  strong con- 
straints, allowing us to  develop  fairly  robust  models 
for the  spatial  and  kinematical  structure of the source. 

We focus here on  reconstructing the 3-dimensional 
structure of the excited Hz shell, which represents the 
PDR. However we also construct a model of the Po 
emission and  compare  the  density  and velocity struc- 
ture of ionized gas that we derive,  with P o  and  radio 
recombination lines respectively, and  estimate a total 
mass for the ionized gas.  Finally, we also  construct 
a spherical,  isotropically scattering  dust  model  and 
compare  those  results  with  a  WFPC2  continuum im- 
age.  Note that each of the 3 components is modeled 
separately,  using  independent  constraints provided by 
different images. We adopt source  functions  and  emis- 
sion coefficients appropriate for the nebular  tempera- 
ture  and  density, for each of the  three  components. 

4.1. Excited Hz - The Photodissociation Re- 
gion 

4.1.1. Geometry 

The Hz emission  is  modeled as a “capped” bi- 
conical  (hourglass-shaped)  structure which shares  the 
same  axis,  but lies exterior to  the ionized nebula  (Fig. 
4). The outer  dimensions of the bi-cone are well con- 
strained by the  continuum  subtracted Hz image  (Fig. 
3): The intersecting  outer rings  represent the maxi- 
mum  diameter of the cone; the  major axis to minor 
axis ratio  constrains  the  tilt of the cone to be i M 

45Of5’ (w.r.t.  the  plane of the  sky). Based on an es- 
tablished  tilt  and a maximum cone diameter,  the ob- 
served separation between the  large rings  determines 
the height of the cone. The  radius of the waist of the 
hourglass  is  harder to  constrain  from  the  data  due  to 
projection effects. We simply  assume that  this dimen- 
sion matches  the  minor  axis of the ionized gas ellip- 
soid ($4.2),  R, = 2‘!8, though in  reality,  the  neutral 
gas  probably lies somewhat  outside  the ionized gas. 
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The waist diameter  along  with  the  maximum  diame- 
ter of the cone  allows us to  estimate  an  opening  angle 
for the cone. There is some evidence in the  images 
that  the Hz emission is not confined to  a  conical shell 
that is open at  the poles,  but  extends  all  around  the 
ionized gas  ellipsoid.  Wisps of Hz emission are seen 
superposed  on  the  northern  and  south-eastern  parts 
of the ionized nebula  (Fig.  2).  Also, our model  images 
show that  an “open”  cone  cannot  produce  the  bright 
rims,  along  the  top  and  bottom of the  structure,  as  are 
seen in the  images.  When a “cap” of similar  thickness 
as  the walls of the bicone is added,  limb  brightening 
along lines of sight  through  the  caps  alleviates  this 
problem (see Fig.  5). By comparing  intensity  cuts 
across the  model  with  similar  cuts across the  image 
we more  accurately  determine  the  dimensions of the 
HZ shell. The walls of the bicone are  constrained by 
the  thickness of the observed Hz rims, AR - 0’!5f0’.’1 
( 6 f l  x 1015 cm at the  adopted  distance of 0.88 kpc). 
For example,  increasing  the  width of the shell reduces 
the  gap between the  rims of the Hz bicone and  the in- 
ner, ionized gas  ellipsoid;  decreasing  the  width of the 
shell produces  narrower  looking  rims  than  are  seen in 
the NICMOS-only  color composite  image  (Fig.  2(a)). 
Because the  nebula is inclined to  the line of sight,  it is 
difficult to ascertain  variations in the  thickness of the 
Hz shell as a function of latitude  (particularly at low 
latitudes). We assume  therefore that  the shell has  a 
constant  width. 

4.1.2. Kinematics 

Long-slit  CSHELL spectra of the Hz w = 1 -+ 0 
S( l )  line are  invaluable in constraining  the geome- 
try of the  source  more  tightly.  The  position-velocity 
(P-V)  diagram  obtained by placing  the  slit  along  the 
major  axis of the  source is shown in Fig. 6. The 
emission  region has  an  elongated  elliptical  shape sug- 
gesting that  there  are  distinct red and blue-shifted 
components of emission both in the  top  and  bottom 
halves of the  nebula.  The  shape of the P-V diagram 
confirms that  the  nebula is oriented  such that  the N- 
E part of the shell is tilted towards the observer and 
the S-W part is tilted away from  the observer. This 
orientation is consistent  with that of the ionized gas 
ellipsoid observed by Bains  et  al.  1997, who  used an 
echelle spectrograph  with  a velocity resolution of 6 
km s-l. The four  bright  “spots” of emission,  located 
symmetrically  about  the  center of the  nebula,  indicate 
locally  bright  regions  along  the  slit  separated in veloc- 
ity. The two bright regions closer to  the  center  mark 

the  position of the  limb-brightened  inner  rims of the 
bicone on  the  slit, while the  bright regions at  the  top 
and  bottom  correspond  to  the  limb-brightened “caps” 
of the  bicone, which lie almost  in  the  plane of the  sky. 
It is the  position-velocity  diagram  that  uniquely con- 
strains  the  distribution of  Hz along  the poles. Figs. 5 
(c)  and  (d) show model P-V diagrams  obtained  with 
and  without  a  cap.  Clearly a conical  structure with 
the  spherical  cap gives a  more  complete fit to the ob- 
served  P-V diagram  (Fig.  6 (a)), than one  without 
the  cap. A constant  expansion velocity of 20 km s-l 
is able to reproduce  the observed spectra  quite well 
though we cannot  rule  out  deviations  from  this law 
on  smaller  spatial scales. Figs. 6 (b), (c)  show how 
the  shape of the  model  P-V  diagram  changes  with  the 
velocity law. In general,  a  larger velocity law  expo- 
nent  results in a  larger  “kink” in the  position velocity 
diagram,  corresponding to more  abrupt  change  in  the 
projected velocity from  the  rim of the cone (large R) 
to  the  interior of the cone. A comparison  with  the 
data allows  us to rule  out  a velocity exponent, a 2 1. 
Thus, for our  adopted  model  geometry we can  rule 
out  a  constant  dynamical  timescale for all  points in 
the Ha shell,  as  one  might  expect for an  aspherical 
shell expanding in a  self-similar  way. The velocity 
law  implies that  at  a  latitude of 25’ the walls  have 
a dynamical  timescale of 950 yr  and  further  out,  at 
36’ (where  the bicone ends  and  the  spherical  cap be- 
gins)  the  timescale is - 1,300  yr. We note  that since 
this is an  expanding  photodissociation  front,  the  dy- 
namical  timescale is not  the  most  appropriate  one for 
characterizing  the  evolution (see $6.2). 

4.1.3. Density 

Though  the  excitation of  H2 is primarily  via  ab- 
sorption of UV photons  (i.e.  non-thermal, see $5.2) 
we assume  here that  the Hz is thermally  excited  and 
that  the level populations  are  described by a  vibra- 
tional  excitation  temperature  in  the  range T v i b  x 
6,000 - 9,000 K (see Hora,  Latter, & Deutsch  1999). 
Later  in  this  paper we show that  this  assumption gives 
reasonable  results  when  compared to more  detailed 
models of dense  PDRs. If the Hz emission is optically 
thin,  then  the  model  intensity a t  each pixel is simply 
proportional to  the  density of Hz molecules integrated 
along  a given  line of sight: 

IH= = jH=nH= dl s (1) 
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where the emission coefficient is 

and dl is the  spatial  increment  along  the line of sight. 
The  spontaneous  radiative decay coefficient for the 
1-0 S ( l )  line, Au,l = 3 . 4 7 ~ 1 0 - ~  s-l  (Turner, Kirby- 
Docken & Dalgarno  1977), the nuclear  spin statistical 
weight gN = 3  (ortho-Hz)  and  J=3. Using the poly- 
nomial coefficients for the  partition  function,  Q(T), 
given in  Sauval & Tatum 1984 we calculate the change 
in the  product, 6 E Q(T) e%  with  temperature  in  the 
range 2000 K 5 T 5 11,000 K. We find that 6 changes 
by about a  factor of 1.5 over the range  6,000 5 T 5 
9,000 K. We simply  assume 6 = 220, and use this in 
the  the above equation. 

Using the  equation  above to  fit the observed in- 
tegrated  intensity of Hz (3 .8~10- l2  erg s-l cm-'; 
53.1.1) and  the Hz radial  brightness profile (Fig.  7(a)) 
allows us to  estimate  an excited Hz density of n - 10 
cm-3 for a filling factor of unity.  Summing over the 
entire  nebula  then yields a total  mass of Me,  M 

Ma for the excited Hz. A constant  density Hz law 
provides adequate  fits to  the images  and the P-V di- 
agrams. 

4.2. Ionized Gas Emission  and  Scattered  Starlight 

P a  emission - The ionized nebula is well repro- 
duced by a prolate ellipsoidal  shell, as  has been shown 
previously (Atherton  et  al. 1979;  Roelfsema et  al. 
1991). Using the  inclination of  45' estimated  from 
the HZ image, we calculate the lengths of the semi- 
major  and semi-minor axes (aY and a, in Fig. 4). The 
thickness of the shell (though  it  has a broken,  patchy 
appearance) is estimated  to  be  about 0'.'9 ( 1 . 2 ~ 1 0 ~ ~  
cm), from  the  radial  cuts  taken in  orthogonal direc- 
tions  through  the walls (see Table 2). Ignoring the 
contribution of electrons from heavier elements  (i.e. 
assuming  ne = nH),  the model  surface  brightness  in 
P a  is given by: 

I P ,  = / h n :  dl (3) 

where jp, (Pa emission coefficient) = 3 . 2 7 ~ 1 0 - ' ~  erg 
cm3 s-l ster-'  assuming  case B recombination, T, = 
lo4 K  (Table  4.4;  Osterbrock  1989)  and 1 is the  path 
length  through  the  nebula at  any given position  on 
the projected  surface of the nebula. 

The density  law  for  the ionized gas is constrained 
by comparing the model  image  (and  radial  cuts)  with 

the Pa image,  although  the  clumpy  nature of the ion- 
ized shell  makes it  somewhat difficult to  fit a well- 
defined power law. Our  results  indicate  that models 
with a constant  density or slowly decreasing radial 
power laws (R-", 0 5 a 6 0.5)  models  provide  ad- 
equate  fits  to  the  data (Figs. 7(b),  8). In  models 
with a 2 1 the polar  densities  are  considerably lower 
than those  along the  equator  (Figs. 8(a) & (c)); con- 
sequently  radial  cuts  along  the poles show a  smaller 
rise in  intensity  going  from the center  outwards,  than 
do  radial  cuts  along  the  equator.  The  cuts  through 
the observed  image  clearly do  not show such a differ- 
ence between the  orthogonal  radial  cuts. 

We are  able to  match  the observed Pa image  with 
a constant  density  model  (Figs. 7 ( c )  and  8(e)), where 
the density  in  the shell  is  nH+ = 6 ~ 1 0 ~   ~ m - ~ .  We 
also  impose  an  upper  limit to the density  inside the 
ellipsoidal  shell, ne,interior 5 5x  lo3 ~ m - ~ .  These  den- 
sities,  together  with the derived  geometry  imply that 
the  total ionized mass is Miola - 0.018 Ma.  This 
low density  inner  cavity  implies  high  temperatures 
(2 1 x lo5 K),  possibly  shock heated in  interacting 
winds. This suggests that diffuse X-ray emission from 
a hot  gas  might  be  detectable  from  NGC 7027,  in  ad- 
dition  to  point source  X-ray  emission  from the central 
star. 

Our derived shell density  agrees very well with the 
density  derived by Roelfsema  et al. (1991; 6f0.6 x lo4 
~ m - ~ )  from  radio  continuum  observations. We are 
unable to  reproduce the  total ionized mass of 0.05 
Mo  that they  infer, given their ellipsoid dimensions 
and  density  (at  an  assumed  distance of 1 kpc). Using 
their  parameters we find an ionized mass, Mi - 0.025 
Ma. 

Dust scattering - An examination of the  WFPC2 
F555W image of NGC 7027 shows that  the ionized 
nebula is surrounded by an extended region of lower 
surface  brightness. The  radial profiles indicate that 
the  intensity falls off as I 0: R-3,  the expected in- 
dex for singly scattered  starlight  from  an  optically 
thin region of the  dust  shell. We model  the  scattered 
starlight  as single  (isotropic)  scattering  from a spher- 
ical  shell of 0.1 pm sized amorphous  carbon  grains, 
with a scattering cross-section,  K, = 8 X lo4 cm2 gm-' 
at  0.55 pm (Martin & Rogers  1987). The photon 
source  is  assumed to  be a 200,000 K  black-body. As- 
suming  an  AGB  dust  mass loss rate of Ma yr-l 
and  an expansion velocity of 10  km s-l yields a model 
flux density of - 4 . 6 ~  Jy  arcsec-2 at a distance 
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of 5” from  the  center of the  nebula.  The  model  radial 
brightness profile appears to match  the  observed sur- 
face brightness in the  F555W  image,  along  the  minor 
axis of the  nebula  (Fig.  7c).  The  dust  mass loss rate 
agrees well with  the  gas  mass loss rate of 1 . 5 ~  
Ma derived by Jaminet  et  al. 1991 if the  gas  to  dust 
ratio is - 150. 

We have tried to fit the  broad-band  near-IR  emis- 
sion  with  the  same  scattering  model  as used  above 
for the  WFPC2  image. We find that  assuming us - X-4 (Rayleigh  scattering,  appropriate for small 
grains) yields near-IR  intensities that  are consider- 
ably lower than  those observed in  the  Fl6OW  and 
F205W  filters. A better  estimate is obtained if the 
scattering cross-sections  goes as X-’, implying  that 
the  dust  scattering is dominated by larger  (“fluffy”) 
grains. Also, the  radial profiles in the  near-IR  filters 
do  not show a well-defined radial power  law as seen in 
the  WFPC2  image,  suggesting  that  the  optically  thin, 
singly scattered  starlight  model is inadequate  in de- 
scribing  the  extended  near-IR  emission. We  suspect 
that  the emission in  the near-IR  broad-band  filters is 
not  simply  scattered  starlight  but  includes  scattered 
line/f-f emission as well as possibly  some dust  thermal 
emission.  A  quantitative  description of this “excess” 
near-IR  emission will require  a  detailed  model of the 
gas  and  dust emission and is not  addressed  further 
this  paper. 

5. Central Star  and  Nebular  Excitation 

5.1. Properties of the Central  Star 

The  central  star  (CS) of NGC 7027 has been de- 
tected  only  with difficulty from  the  ground at vis- 
ible  wavelengths and  under  average  seeing,  because 
of the low contrast of the  star  relative  to  the  bright 
nebular emission (Jacoby  1988;  Heap  and  Hintzen 
1990). NICMOS offers high  resolution  imaging at  
longer  wavelengths  where extinction  from  interstellar 
and  circumstellar  dust is much  smaller  than at  visi- 
ble wavelengths,  and  the  contrast of the  stellar  point 
source is greatly  enhanced by the high angular reso- 
lution of HST.  This  observational  advantage allows a 
significant improvement  in  photometric data for the 
CS  and in the  stellar  properties  thereby  inferred. 

Photometry for the CS was obtained for the  FllOW, 
F160W,  F190N,  and  F205W  NICMOS  filters. We 
have  also determined  CS fluxes for the  F555W  and 
F814W  filters of the  WFPC2  optical  camera,  from 
images  in  the  HST  data  archive.  Nebular  photome- 

try of the Pa and H:! 21 = 1 + 0 S( 1) line  emission  was 
derived from  the  line  and  continuum filter sets,  F187N 
(line)  and F190N (adjacent  continuum),  and  F212N 
(line)  and F215N (continuum) respectively. The pho- 
tometry of the  central  star  and  the  nebular  line emis- 
sion is summarized  in  Table  3. 

The  largest  source of uncertainty in our stellar  pho- 
tometry  arises  from  the  spatially  variable  attentua- 
tion  and  the  complex,  clumpy  structure of the neb- 
ula.  Near  the  CS,  this  structure varies on a scale as 
small  as  the  radius of the  first  minimum in the  PSF, 
so background  estimation  and  subtraction  are diffi- 
cult. We found that  the best  NICMOS  photometry 
is achieved by subtracting  a scaled P a  line emission 
image  from  each of the images  on which photome- 
try is being  performed.  The  scale  factor is chosen to 
make  the  nebular  background have a zero mean in the 
vicinity of the  CS.  (The P a  image is obtained by sub- 
tracting  the F190N continuum  image  from  the  F187N 
P a  narrow  band  image, so that  the  central  star is re- 
moved,  leaving  only  the  nebular  line  emission.)  In 
this  procedure we assume  that  the Pa line emission 
is a good  tracer of total  nebular  line  and  continuum 
emission in the  other  NICMOS  filters, at least in the 
region  near the  CS. We find that  this  method success- 
fully removes the  spatially  variable  nebular emission 
near  the  CS. 

In  the  WFPC2  images  the  nebular surface bright- 
ness shows smaller  variations  relative  to  the  CS.  In 
this case we employ  more  conventional  photometry 
and  assume that  the surface  brightness in an  annulus 
immediately  surrounding  the CS is a fair  represen- 
tation of the  background.  The  photometry was con- 
verted to flux density by applying  the  photometric 
calibration  factor  (PHOTFLAM) provided  by STScI 
in the  image  header. 

The CS  photometry is dereddened  using  an  atten- 
uation value at  the position of the CS of A” = 3.17 
mag.  The Pa line  emission photometry is corrected 
for an average nebular  attenuation of A” = 2.97 mag 
(Robberto  et  al.  1993).  The  correction  at each wave- 
length is derived from  the  mean  extinction  curve given 
in Table  3.1 of Whittet  (1992). 

We calculate  a  hydrogen  Zanstra  temperature  (cf. 
Osterbrock  1989) for each CS photometric value in 
Table 1, with  the  assumption of a  blackbody  CS  spec- 
trum. For the  nebular  line  emission, we use the in- 
tegrated Pa line  flux  given in Table 3. The  greatest 
source of error in this  calculation  results  from uncer- 
tainties in the  nebular  conditions on  which the re- 
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combination coefficients depend. We adopt a nebular 
electron  temperature of 15000 K and  a  nebular elec- 
tron  density of lo4 cm-3  (cf.  Roelfsma et al.  1991; 
Masson 1989),  and use the  corresponding  Case  B to- 
tal recombination coefficient, ag ,  and Pa emissivity 
calculated by Storey & Hummer  (1995).  The derived 
Zanstra  temperatures of the CS are compiled in Table 
3. 

The derived  CS temperatures  are  remarkably con- 
sistent (see Table  3). We find T, = 198, loo& 10,500 
K .  Adopting  a  distance of 880f150 PC (Masson  1989), 
we find from  the  photometric data of Table  3  a  mean 
CS  luminosity of 7710 f 860 La, and  a  photospheric 
radius of 5.21 x lo9 cm. If  we place the  CS on the 
evolutionary  tracks for hydrogen-burning  post-AGB 
stars of Blocker (1995),  the  CS lies very close to  the 
theoretical  track for an  initial  mass of 4 Ma and  a fi- 
nal core mass of 0.696 Ma. If this  model is appropri- 
ate,  the  CS would  have left the  AGB  only  about 700 
years  ago.  This  timescale is consistent  with  the esti- 
mated age of 600 years for the ionized nebula (Masson 
1989)  based on the  expansion velocity and size. The 
stellar  evolutionary  timescale is also  comparable to 
the  dynamical  timescale of the Hz lobes  estimated in 
54.1.2 above.  Jaminet  et  al.  (1991) have  observed the 
neutral  molecular envelope  which surrounds  the ion- 
ized gas  and  determined  a  mass of 1.4 ($0.8, -0.4) 
Ma. If the CS initial  mass was in fact 4 Ma, and  the 
final core  mass is 0.7 Ma, then  the  star  must have 
shed  3.3 Ma over the course of its  evolution. Of this 
amount, 40 - 50% was lost in the  last lo4 years,  when 
the  mass loss rate was some 1.5 x Ma yr-l as 
inferred from  models for the  CO emission of the enve- 
lope  (Jaminet  et  al.  1991).  The  balance of the  mass 
loss might have  occurred  more  slowly  over a much 
longer time  period,  but  the lack of clear observable 
signatures of this  matter  make  it  impossible  to infer 
the  rate or timescale of this  earlier  phase  with  any 
precision. The  stellar  properties  found for NGC 7027 
are  summarized in Table 4. 

5.2. Molecular Hydrogen   Exci ta t ion  and the 
Morphology of NGC 7027 

The near-infrared  spectrum of molecular  hydrogen 
is the  result of slow electric quadrapole  transitions 
within  the  ground  electronic  state  vibration-rotation 
levels. A possible excitation  mechanism likely in PNe 
is via  the  absorption of far-ultraviolet  (FUV)  photons 
in  the  Lyman  and Werner bands of H2.  Upon  absorp- 
tion of a  FUV  photon,  the molecule is left in an ex- 

cited  electronic state  from which ~ 1 0 %  of the  decays 
out of that  state result  in  transitions to  the ground 
electronic state  vibrational  continuum  and  molecular 
dissociation  occurs.  Most  often  the  molecule is left 
in an  excited  vibration-rotation level in the  ground 
electronic  state.  The  result is an identifiable  near- 
IR fluorescence spectrum.  This process is the pri- 
mary way Hz is destroyed, by photons  and  the  peak 
in  ro-vibrationally  excited molecules defines the H2 
photo-dissociation  region (PDR).  In  addition,  the ex- 
citation of the  near-IR  HZ  spectrum  can occur in  re- 
gions with  kinetic  temperatures of TK 2 1000 K and 
total  densities ntot 2 lo4 ~ m - ~ .  In  PNe such tem- 
peratures  are  typically  thought to  be associated  with 
shockwaves of moderate  magnitude  and over a  limited 
range (Vs M 5 - 50 km s-l; with  the higher  end of 
the  range for C-type  shocks  only; Hollenbach & Shull 
1977;  Draine & Roberge  1982). 

Graham  et  al.  (1993a)  argued,  primarily  from  mor- 
phology, that  the near-IR Hz emission  from  NGC  7027 
is caused by FUV excitation  in  the  PDR.  An  analy- 
sis of near-IR  spectra of NGC 7027 (Hora,  Latter, & 
Deutsch  1999)  confirms that hypothesis.  There is no 
evidence of shock excitation,  though localized shocked 
regions cannot be  ruled out. 

In  a PDR  the H2 emission is observed in a  thin 
transition region  where the H2 column  density of FUV 
excited  molecules  peaks. Interior to  the  transition 
region the molecules  have mostly been  dissociated. 
Because the  excitation process is by absorption of line 
photons,  the  depth of excitation is strongly  limited by 
self-shielding of the molecules to Lyman  and Werner 
band line radiation.  The  total  extent of the  transition 
region depends on  molecular  and  total  density,  gas  to 
dust  ratio,  and  the  strength  and  shape of the  radiation 
field. 

Comparison  with  quasi-steady  state  PDR  models 
(Latter & Tielens, in preparation)  finds  that  an ob- 
served  average Hz w = 1 -+ 0 S( l )  line brightness 
of 8.0 x erg s-l cm-' ster-l  (53.1) is consis- 
tent  with  a C-rich PDR exposed to a single star of 
temperature 200,000 K and  a  moderate  total  density 
of ntot M 5 x lo4 ~ m - ~ .  The predicted w = 2 - 1 
S( l )   to  w = 1 - 0 S ( l )  line  ratio  ranges  from 0.12 to 
0.06 and is nearly  identical to  that  found by analysis 
of the  HZ  spectrum  (Hora,  Latter, & Deutsch 1999). 
For a core  mass of 0.696 Ma  and  the observed Hz 
line  brightness,  time  dependent  models of PDR evo- 
lution in PN suggest a  PDR lifetime o f t  2 1000  years 
(Natta & Hollenbach  1998)  consistent  with estimates 
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of the  time since the  object left the AGB (55.1).  The 
models  are  also  consistent  with  a  thin  transition (Hz 
emitting) region like that  found  from  the 3-D models 
discussed in 54. The  nonuniformity  and  patchiness of 
the  transition region must  be  a  result of structure  in 
the  circumstellar  material  itself.  Instabilities of the 
type  required  are  not  understood in an  interacting 
wind,  photon-dominated  environment.  The “waves” 
present  on  the  illuminated  interior of the H2 emis- 
sion  region  resemble those seen in the  HST/WFPC2 
images of MyCn  18 (the  “Etched  Hourglass  Nebula;” 
Sahai  et  al.  1999;  Dayal  et  al.  1999),  and  although  are 
seen in very different components of the  gas (ionized 
versus  molecular)  most likely are a result of a  similar 
instability. 

It is important  to  consider  whether  the overall 
shape of the  PDR  (as  it  extends  from  the ionized 
core to  the biconical, or bubble  shaped H2 emission) 
as  found  from our HST/NICMOS  images is consistent 
with  what is expected for an evolving PDR in a  distri- 
bution of material likely to be present in a post-AGB 
circumstellar  envelope.  First, we must  determine 
what is a likely distribution of circumstellar  mate- 
rial.  It  has been  known for some  time  that  post-AGB 
objects  and  PNe  generally  do  not have a  spherical  (ra- 
dially  symmetric)  distribution of gas  and  dust.  The 
most  extreme  examples  include  AFGL 2688 (the “Egg 
Nebula”),  AFGL  618, M 2-9, and M 1-16 (to list  just 
a few; see, e.g.,  Sahai  et  al.  1998;  Latter  et  al.  1995; 
Latter et  al. 1992; Hora & Latter 1994 and references 
therein).  These  objects have a  predominantly  axially 
symmetric  distribution of circumstellar  material such 
that  the density is greatest at  the  equator  and lowest 
near  the two poles. With  support  from  general  mor- 
phological studies,  hydrodynamic  modeling,  and po- 
larimetric  observations  (e.g.  Balick  1994;  Trammell, 
Dinerstein 8~ Goodrich  1994;  Balick & Frank  1997) 
this  type of distribution  (to  a widely  varying  degree) 
appears  to  be  generally  true for most, or all  post- 
AGB objects.  NGC 7027 is not  an  “extreme”  bipolar 
nebula (of the  type  listed  above),  but we can  assume 
that  the  equatorial  to  polar  density  contrast  as  the 
star evolved off the AGB has  a  functional  form  that 
goes  roughly like sin(@)  with  additional  factors of or- 
der  unity.  Functions like this have  been  used to model 
the  scattered  light  and  molecular  distribution  from  a 
number of bipolar PPNe  and  PNe (Yusef-Zadeh, Mor- 
ris, & White  1984;  Latter  et  al. 1992; Latter  et  al. 
199313). 

In an  environment  with  a  single,  central  FUV 

source  and  with  a  constant  gas to  dust  ratio,  the  dom- 
inant  parameters  that will determine  the  radial  struc- 
ture of the  PDR  are  the  density  structure, p ( r )  and 
the  distance to  the  central  source. For  guidance  some 
new computations were made using a  code  developed 
for a  related  purpose,  and  this  topic will be  explored 
quantitatively elsewhere (Latter & Tielens, in prepa- 
ration).  To first order,  a  PDR  in  a lower density 
region will have the  ionized/neutral  interface  farther 
from  the  central  source when compared to a  higher 
density region. Similarly,  the region of strongest H2 
FUV  excitation will be  farther  out  and have a some- 
what  larger  linear  extent  than  in  a  higher  density re- 
gion.  This H/H2  interface  region will approximately 
follow iso-column density  contours at  - 4 X lo2’ cmW2 
or A” M 2  magnitudes.  Details will depend  strongly 
on the  exact  distribution of material.  But,  it is evi- 
dent  that  an  axially  symmetric  distribution of circum- 
stellar  material of the  type discussed  above will pro- 
duce a PDR morphology like that observed in NGC 
7027.  More specifically, it  is expected to be an el- 
lipsoidal or bipolar Ht/Ho interface,  surrounded  by 
a  bipolar  bubble  structure defining the H/Hz inter- 
face and revealed in FUV  excited H2 emission - like 
that modeled here. Somewhat  farther  out,  the C/CO 
interface  region  is,  as  shown by the  data of Graham 
et  al.  1993a,  consistent  with  that  found for the  inner 
regions. The morphological  evolution of the  Ht/Ho 
interface  region  and  the  ionized  core is not  predicted 
by strict  PDR  evolution  alone.  The  internal  density 
structure  appears  to have equilibrated in the shell and 
cavity (54.2) because the  sound crossing time is much 
shorter  than  the  expansion  timescale.  The  outward 
motion of this  interface will be faster in the lower den- 
sity  polar  regions,  magnifying  the  asymmetric  shape. 
If the  star is on the  cooling  track,  then  the  ionization 
front  might  better  be  described  as  a  “recombination” 
front  as  the  number of ionizing photons goes  down 
(Schoenberner  1999,  personal  communication). 

Nested  hourglass  shapes  and ellipsoids are pre- 
dicted by numerical  hydrodynamical  simulations (such 
as  Mellema & Frank  1995; Icke 1988),  but for interac- 
tion  speeds  much  higher  than so far seen in NGC  7027. 
In  addition,  the  molecular  hydrogen emission from 
NGC 7027 is from  a  strong  PDR,  not  a shocked  wind 
interface.  There is similarity  in  the overall morphol- 
ogy of the  PDR, including  the ionized  core in NGC 
7027 to emission  morphologies  predicted in strong in- 
teracting winds starting in an  axisymmetric  density 
distribution. Because of this  apparent  similarity,  a 
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full  description of the observed structure  and  its evo- 
lution  requires  coupled  time-dependent PDR  and hy- 
drodynamic  modeling.  When  combined  with  detailed 
chemical  modeling of the  neutral  regions,  the  data 
presented  here  can  be  used to determine  the  exact 
density  distribution of the  circumstellar  envelope. 

6.  Discussion 

6.1.  Previous  Kinematic  Results 

In  a  detailed  multiwavelength  study, Graham  et 
al. (1993a)  found that  uniform,  radial  expansion of a 
prolate  spheroid,  tilted  to  the line of sight is consis- 
tent  with  the  millimeter-wave  (CO)  position-velocity 
maps.  Observations have  been made  with  the “ B E A R  
instrument  (a 256 X 256 pixel HgCdTe  camera  coupled 
to  a Fourier transform  spectrometer,  with a spectral 
resolution M 52.2 km s-l) on the  Canada-France- 
Hawaii  Telescope (Cox  et  al.  1997). Cox et al.  found 
that  the velocity field appeared to  them  as  an  equa- 
torial  “torus”  suggests  that  north pole is tilted away 
from  observer.  This  result is inconsistent  with  our 
interpretation of the  HST  images, our 3-D modeling 
of those  images,  and  the higher spectral  resolution 
CSHELL data.  The high spatial  resolution  and sen- 
sitivity of the  HST  images shows that  the  front  part 
of the  top  rim lies in front of the  the ionized  neb- 
ula  (not  behind),  suggesting  that  the  top  (northern 
side) is tilted toward the  observer. We cannot re- 
solve this  discrepancy  with  the  data  available. We 
suggest that  the  spectral  resolution  available  to Cox 
et  al. (1997) was not sufficent to fully deconvolve the 
subtle,  but  complex velocity structure  that  must be 
present  (Kelly et  al.  1999).  In  addition,  the  model 
schematic given by Jaminet et al. (1991)  shows the 
same  orientation  as Cox et  al.  (north pole  away) for 
the  fast  molecular wind  traced by CO J = 3 + 2 line 
emission,  which  presumably  has  a  similar flow direc- 
tion as the ionized gas.  It is entirely  possible that  the 
flow along  the back of the cone (or bubble)  has been 
confused  with a flow along  the  polar  axis, which in 
our model would not  be  the  dominant  emitting  region. 
Bains  et  al. (1997) found  from  their  high  spectral res- 
olution  radio  and  optical  observations,  an  orientation 
for NGC 7027 that is consistent  with  ours:  i.e. that 
the  NE  lobe is blue-shifted, SW lobe is red-shifted. 

6.2.  Evolution of the  PDR  in NGC 7027 

A full  modeling of PDR evolution is beyond the 
scope of this  paper. We can, however, make  an as- 

sessment of such PDR evolution  based  on  available 
models. The morphological  evolution of the  PDR will 
depend  most  strongly  on  the  distribution of material 
in the  circumstellar  envelope. For NGC 7027 the  post- 
AGB  circumstellar  envelope  must  have  been  axially 
symmetric  with  a  gradual decrease in density  from 
the  equatorial region to  the poles.  A  dense  equatorial 
disk cannot  be  ruled  out,  but  there is no  evidence in 
these data, or other  molecular data (Bieging,  Wilner, 
& Thronson 1991; Jaminet  et  al. 1991; Graham  et  al. 
1993a),  that  requires or even suggests  one.  For that 
reason, we consider  such a  structure  as unlikely to be 
present. The  density  distribution  appears  typical for 
other  post-AGB  objects  with an  equatorial  to  polar 
density  contrast of - 2 - 10, such that  it is not  as 
great  as  the  extreme  bipolar  proto-PNe (see $5.2).  In 
much less than  the  cooling  timescale of the  central 
star,  the  PDR will be  established quickly in all direc- 
tions,  with  the  fastest  evolution in the  polar regions. 
The result will most likely be for NGC 7027 to become 
a  butterfly-type  nebula  similar in gross  properties to 
(e.g.)  NGC 2346. Wind  interactions for this  type of 
morphological  evolution  are  not  required. 

The timescale for PDR evolution is highly  uncer- 
tain  (other  timescales  are discussed in $5.1),  but rea- 
sonable  estimates  can,  and have  been made (see, e.g., 
Tielens  1993).  It is straightforward to show that for a 
constant  mass loss rate  and  parameters  typical of high 
mass loss rate  carbon  stars,  the  timescale for a  PDR 
to completely  move  through  the  circumstellar enve- 
lope  can be  estimated by integrating  the  equations of 
molecular  formation  and  destruction  with  respect to 
radius  and  time,  as was done by Tielens  1993.  For  a 
constant wind velocity V, = 20 km s-l, a  constant 
mass loss rate k = lov4  Ma yr-’,  and  a  stellar lu- 
minosity L,  = 6000 La, it can  be  shown that  the 
dissociation  front  travels a distance ri M 3 x 1016 cm 
in ti M 65 years with a PDR speed of V, * 263 km s-l 
(see Tielens  1993 for a more  detailed discussion; see 
also Natta & Hollenbach 1998).  Tielens  suggested 
clumping as how the  evolution is slowed in real  neb- 
ulae.  Although  widespread  clumping  and  structure 
is seen in these data,  it  does  not appear  at  the size 
scales required, or marginally so at  best ( R  ;L 10l6 
cm  and A” ;L 4 mag). Even if clumping is impor- 
tant in localized regions, it is more likely that we now 
know several of the  assumptions used to derive this 
evolutionary  timescale  are  not  valid,  and if properly 
accounted for will tend to increase  the  timescale.  The 
mass loss rate is not  constant.  The “ring” structure 
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clearly visible in  AFGL 2688 (Latter  et  al. 1993b;  Sa- 
hai et al. 1998)  indicates a time  varying  mass loss rate 
on a timescale of hundreds of years. The  same  type of 
structures  are seen in  other  objects observed  (Kwok 
et  al.  1998),  including  NGC 7027 (see,  e.g.,  Bond et 
al.  1997).  In  addition,  the  distribution of material is 
not  spherical. The degree to  which the  mass loss rate 
is  varying  is  not  known. Nor is how a non-spherical 
distribution of attenuating  and shielding material will 
alter  the  evolutionary timescales  (see, however, Natta 
& Hollenbach  1998). Additional work must  be  done to  
characterize  these  properties  and how they  relate to  
evolution.  From the above  expression and  an assess- 
ment of the  impact of uncertain  parameters,  it  seems 
likely that  the timescale for NGC 7027 to  evolve away 
from  its  current  state will be only a few hundred to  
a few thousand  years (see also Natta & Hollenbach 
1998).  Wind  interactions will complicate the picture 
by adding  hydrodynamic effects and changes to  the 
density  structure. However, evolution to the  current 
epoch appears  to  be described  fully by the interac- 
tion of FUV  and ionizing photons  with  an  AGB wind 
that  has (or had) a somewhat  enhanced  mass loss 
rate in the  equatorial  plane.  While  there is  evidence 
for recent jet interactions  with  the outflow, the  jets 
have not  dominated  the morphological shaping.  It is 
worth  monitoring  NGC 7027 at  very high spatial res- 
olution  for  morphological  changes  caused by jets  and 
UV photons over the next  several  decades. 

7. Summary 

The  HST/NICMOS  observations presented in  this 
paper reveal the detailed  structure  and  morphology 
of the young planetary  nebula  NGC 7027 with un- 
precedented  clarity. The molecular  photodissociation 
region is  found to  be of an  apparently different over- 
all structure  from  that of the ionized core. We have 
constructed  3-dimensional,  axisymmetric  models for 
the morphology of NGC 7027 based  on  these NIC- 
MOS near-infrared data  and  HST archive visible light 
data.  The  object can  be well described by three dis- 
tinct  components:  an ellipsoidal shell that is the ion- 
ized core, a bipolar  hourglass structure  outside  the 
ionized core that is the excited  molecular  hydrogen 
region (or the  photodissociation  region),  and a nearly 
spherical  outer region seen in dust  scattered  light  and 
is the  cool,  neutral molecular  envelope. It is argued 
that such  a structure is consistent  with  one which 
would be  produced by a  photodissociation region with 
a central source of far-ultraviolet  photons  surrounded 

by an  axisymmetric  distribution of gas  and  dust  that 
has a decreasing total  density  with increasing  angle 
toward the polar  regions of the  system. 

The  central  star is  clearly revealed by these data. 
We are  able  to  determine  the  most  accurate value  for 
the  temperature of the  star T, = 198,100& 10,500 K 
with a luminosity of L,  M 7,700  La. From  various 
indicators,  including  the  central  star  timescale, dy- 
namical  timescale,  and  timescale for evolution of the 
photodissocation  region, we conclude that  NGC 7027 
left the  asymptotic  giant  branch 700 to 1000 years 
ago. For such rapid  evolution,  it is likely that  objects 
like NGC 7027 do  not  go  through a proto-planetary 
nebula  phase that is longer than a few tens of years, 
and  as such would be  nearly  undetectable  during  such 
a brief phase. 

There is strong evidence  for  one, and possibly two 
highly  collimated  bipolar  jets  in  NGC 7027. The  jets 
themselves are  not seen with the present data,  but 
the  disturbance  caused by them is  clearly  visible. It 
is possible that  this  jet, or jets have shut off dur- 
ing the current  epoch of evolution. Such jets have 
been seen in other  planetary  nebulae,  but  NGC 7027 
might  be  the youngest  in terms of evolution.  There 
are  nonuniformities  and wave-like structures seen in 
these data  that  must  be caused by poorly  understood 
instabilities  in the outflowing  wind. 

We conclude that while wind interactions will be 
important  to  the  future evolution of NGC  7027, it 
is the evolution of the PDR, as the central star dis- 
sociates,  then ionizes, the circumstellar  medium,  that 
will dominate  the  apparent morphological  evolution of 
this  object.  This is  in contrast  to  the  idea  that  inter- 
acting  winds  always  dominate  the evolution and  shap- 
ing of planetary  nebulae.  Evolution driven by far- 
ultraviolet  photons  might be  more  common  in  plane- 
tary  nebulae  than  has been previously thought (see, 
e.g.,  Hora,  Latter, & Deutsch  1999). Such photon- 
driven  evolution will be  more  important in objects 
with  higher mass  central  stars  (and therefore high lu- 
minosity,  temperature,  and UV flux),  than in  those 
with low mass  stars.  But,  it is the high  mass ob- 
jects  that also  have the higher  density  molecular en- 
velopes ejected during a high mass loss rate  phase  on 
the  asymptotic  giant  branch,  and  as such will show 
the  strongest emission from a photodissociation re- 
gion. NGC 7027 is perhaps  the  most  extreme  exam- 
ple known at this  time,  but  it is not  unique - except 
for the  important  and very brief moment in  evolution 
at which we have found  it. 
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Fig. 1.- NICMOS/HST mosaiced  images of NGC 
7027 covering 1.10 pm  to  2.15 pm.  The F11OW/NIC1 
image  has a pixel scale of 0.043” pixel-’ and a field 
of view of 16”x 16”; the  other  images have a scale of 
0.075’’ pixel-’ and a field of view of 1 9 . 2 ” ~  19.2”. The 
images  are in units of Jy pixel-’, and  are displayed 
here  using  a logarithmic  stretch. 

Fig. 2.- (u) Three-color composite of data  taken 
in three  NICMOS filters. Red is F212N (molecular 
hydrogen),  green  is F215N (continuum),  and blue  is 
FllOW  (continuum).  These  data have been highly 
stretched for visualization  and the relative  brightness 
between bands  has  not been maintained.  It is evi- 
dent  from  this  image  that  the  dark  “ring” going  across 
the bright  core, is glowing in X=2.121 pm molecular 
hydrogen  emission (seen in  red/orange  color) that is 
contiguous  with the more  extended  emission.  When 
compared  with the individual  filter  images  (Fig. l), 
it is  clear that  there is a  strong  correlation between 
the H2 emission and regions of high attenuation. (b) 
Three-color  composite of two  NICMOS  images and 
one  acquired  with WFPC2. Red is  NICMOS  F212N, 
green is NICMOS F190N (continuum),  and blue  is 
WFPC2 V  and  I  bands  combined. As with the im- 
ages  in (u)  (NICMOS),  the combined data  has been 
highly  stretched for visualization.  Many of the  same 
features seen in (u)  are visible here as well. Dust  scat- 
tered visible light  is seen in  these data as the extended 
blue  emission. 

Fig. 3.- Continuum-subtracted H2 image. The two 
intersecting  rings  are  interpreted  as the edges of a 
tilted bicone (see text). Two  outflows/jets,  labelled  1 
and 2 ,  appear to have disturbed  the general  morphol- 
ogy. 

Fig. 4.- A schematic of the 2-component axially 
symmetric  model.  The bicone and  the ellipsoid share 
the  same inner  radius  in  the  equatorial (X-Z) plane, 
i.e. a, = R, (see text for details).  The  widths of both 
components, W,,, W,1 , are derived  independently  but 
assumed to  be constant. 0 is the  tilt of the  nebula to  
the line of sight, q5 is the semi-opening  angle of the 
bicone, H,, is the semi-height of the cone and a,, ay 
and a, are  the semi-axes of the ellipsoid. Both of the 
“caps” are sections of a sphere  centered at  the origin. 

Fig. 5.- Bicone model  images  and  PV  diagrams. 
(u), (e): “Best-fit”  model bicone with “cap”; (b), (d): 

bicone without  “cap”. 

Fig. 6.- Observed  Position-Velocity diagram ob- 
tained by placing the CSHELL  slit  along the  ma- 
jor axis of NGC 7027,  compared  with  model  P-V 
diagrams, shown on  the  same  spatial/velocity scale. 
(a) The CSHELL  observations have a velocity scale 
of 2.6” pixel-’ - red-shifted velocities are  towards 
the  left, blue-shifted  velocities  towards the  right. (b) 
Best-fit model  with a constant velocity, V = 20 km 
s-l. (c) Model with  varying velocity, V cx R’.’ km 
S-1. 

Fig. 7.- Radial  cuts across  images. The direction of 
the  cuts (OA, OB, OA’) are shown in  Fig. 1, F215N 
panel. (u): Radial  cuts across the  continuum sub- 
tracted H2 image  and  the H2 bicone  model.  Dark 
solid line  is a cut  along  the  major  axis,  faint solid line 
is a  cut  along  the  minor axis. The  dotted lines are cor- 
responding radial  cuts  through  the bicone model. (b): 
Radial  cuts across the  continuum  subtracted Pa im- 
age and  the ellipsoid  model.  Dark solid line  is a cut 
along the  major  axis,  faint solid line  is  a cut  along 
the  minor  axis.  The  dotted lines are corresponding 
radial  cuts  through  the ellipsoid  model. (e): Radial 
cuts  along  the  minor  axis of the F555W  image  (solid 
lines) overlayed on a radial  cut  from  the  optically  thin, 
uniform,  spherical  model of scattering  dust  grains. 

Fig. 8.- Ellipsoidal  shell  models - Images  and  PV di- 
agrams - for the  distribution of ionized gas. (u), (b): 
Constant  density; (e), (d): Density cx R-l;  (e), ( f ) :  
Density cx R-2.  The equator-to-pole  intensity con- 
trasts in the models  with  decreasing  density  are  much 
higher than  the observed  intensity  contrast, suggest- 
ing that density  changes by s 20% - 30% going  from 
the  equator  to pole. 
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TABLE 1 
SUMMARY  OF  OBSERVATIONS 

NICl   l l0W 1.1022 
NIC2  160W 1.5931 
NIC2 187N 1.8738 
NIC2 190N 1.9003 
NIC2 205W 2.0406 
NIC2 212N 2.121 
NIC2 215N 2.149 

0.5920 
0.4030 
0.0192 
0.0174 
0.6125 
0.021 
0.020 

256 
256 
1024 
1024 
1024 
2560 
2176 

TABLE 2 
MODEL PARAMETERS FOR NGC  7027 

Component  Shape  Tilt  Parametersa 

Ionized Gas Ellipsoid 45O 

Cool dust Sphere - 

"Dimensions given in arcsec.  At the  adopted  distance of 880 PC, 1"=1.32x 10l6 cm. 

'4 is the semi  opening-angle of the cone, R, is the  radius of the waist of the cone and He, is the semi-height of 
the cone. 
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TABLE 3 
PHOTOMETRY AND ZANSTRA TEMPERATURE 

~~ 

Filter Description  Stellar Photometry  Nebular  Photometry T Z  

Fv,obs  Fv,O"  Fv,obs  Fv,O" 
b J Y )  b J Y )  @JY) (mJY) (K) 

F205W 
F190N 
F160W 
FllOW 
F814Wb 
F555W' 
F187N 
F2 1 2Nd 
F215Nd 

continuum 
P a  cont. 

continuum 
continuum 
continuum 
continuum 

Pa line+cont. 
Hz line+cont. 

Hz cont. 

1.197f0.06 1.68f0.10 
1.30850.07 1.88f0.11 
1.377f0.07 2.30f0.18 
1.765f0.09 5.98f0.57 
1.362f0.14 7.78f1.44 
0.977f0.10 25.03f6.38 
"- "__ 

_" "_ 
"_ 

2.776f0.14 
1.36f0.01 

1.082rt0.05 
1.394f0.07 
0.875f0.09 
0.922f0.09 
24.64f0.62 
1.92f0.05 
1.811t0.05 

3.739f0.40 
1.91 f 0.08 
1.693f0.19 
3.6711t0.56 
4.464f0.60 
14.214f2.27 
34.81 It 1.39 
2.53 f 0.09 
2.36 f 0.08 

192,00Of7,700 
190,00Of8,600 
207,OOOf8,300 
198,5OOIt8,900 

214,0OOf18,200 
187,3OOf20,600 

"The  flux  density has been corrected for attenuation using the  mean  extinction curve  in  Table 3.1 of Whittet 
(1992),  and A" = 3.17 mag for the CS and 2.97 mag for mean  nebular  attenuation  (Robberto  et  al.  1993). 

bImages  taken by the  WFPC2/HST,  extracted  from  the  HST archive. X,ff = 0.811pm; AA = 0.176pm 

'Images taken by the  WFPC2/HST,  extracted  from  the  HST archive. X,ff = 0.513pm; AX = 0.122pm 

dThe F212N  filter is contaminated by He I and  the F215N  filter by Bry. See 33.1.1 for a discussion. 

TABLE 4 
DERIVED PROPERTIES O F  THE  CENTRAL  STAR 

Stellar  Property Value 

Zanstra  temperature 
Luminosity" 
Radius 
Core  massb 
Initial  massb 
Evolutionary  timescale 

198,100 f 10,500 K 

5.21 x109 cm 
7,710 f 860 La 

0.7 Mo 
4 Ma 
700 y 

aBmed  on  best fit stellar  temperature  and a distance of 880 PC. 

bFrom  evolutionary  tracks of Blocker (1995). 
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